We present a time-resolved study of the light emission of a CdTe-based microcavity. In the nonlinear regime, under high excitation conditions, in the strong coupling regime, we observe pronounced beats of the intensity of the photoluminescence arising from the bottleneck region of the excitonpolariton band. These beats are very sensitive to the excitation density and vanish under weak pumping conditions. We attribute the beats to a new nonlinear coupling mechanism of optically active and dark crystal states, related to polariton-polariton scattering, which leads to mixing between bright and dark states.
Introduction
Semiconductor microcavities allow us to precisely control the radiation--matter interaction. This interaction is the strongest when the characteristic frequencies of photons (radiation) and excitons (matter) are brought into resonance. Two different regimes can be established under this resonance condition: the strong and weak coupling regimes. The largest effort has been devoted to the study of the strong coupling regime (SCR), in which the eigenstates of the system are no longer pure exciton or photon but a superposition of both, known as cavity-polaritons [1] . The resonant frequencies of excitons and photons are split, leading to the so-called Rabi splitting, in analogy with atomic cavities [2] . On the contrary, in the weak coupling regime (WCR), the polaritons are bleached. A transition from the SCR to the WCR can occur, for example, when the quantum wells (QWs) are close to a node of the standing wave in the cavity or when the exciton population is very large [3] . The latter situation hindered the study of the nonlinear properties of cavity polaritons. Only in the last years it has been possible to observe the polariton nonlinear emission in both III-V [4] [5] [6] and II-VI [7] [8] [9] [10] semiconductor microcavities. In particular, in the work of Dang et al. [7] , a transition to the nonlinear regime for moderate excitation densities is observed, and a transition to the WCR is found only for much larger powers.
Another issue that has drawn a lot of attention in the nonlinear SCR is the existence of a polariton-polariton scattering mechanism stimulated by the final state population. This mechanism will be active in a bosonic system, such as cavity polaritons, as soon as the final state population approaches the unity. Clear experimental evidence of this stimulated scattering has been reported recently in the literature [5, 11] . In those experiments, the parametric scattering was enhanced by a convenient choice of the angle of incidence of the excitation beams. The result is a macroscopic polariton occupancy ("condensation") of the states at K ∼ 0 and K ∼ 2k pump , where k pump is the incident pump wave vector.
Here we present experimental evidence of a new nonlinear effect linked to polariton-polariton interactions. We have observed quantum beats between optically active polariton states and spin-forbidden exciton states coupled by a polariton-polariton (exciton-exciton) scattering process. This observation is a manifestation of a new kind of parametric oscillation process in microcavities that does not require resonant pumping and keeps coherence of the polariton (exciton) system much longer than the polariton radiative lifetime (up to 100 ps in our experiment). It shows the remarkable potential of microcavities for realization of quantum optical devices.
In most quantum wells (QWs), the energy of a heavy-hole is typically lower than that of a light-hole hence the exciton ground state is formed by an electron (spin S = ±1/2) and a heavy-hole (spin J = ±3/2). The entire exciton spin thus has S + J = ±1 and S + J = ±2 projections on the structure axis allowed for the ground state. The states with spin projection ±1 are optically active (bright), as they can be excited by a right-or left-circular polarized light beam. They are coupled with a photonic mode of the cavity and participate in formation of the exciton-polaritons. On the other hand, the optical excitation of ±2 states is forbidden by the selection rules. These are so-called dark states, completely decoupled from the photonic modes. Dark and bright exciton states are typically split by a few tens of µeV. Mixed coherent excitation of these states may result in oscillations of their populations, i.e. quantum beats. The mixing can be achieved by application of an in-plane magnetic field as has been experimentally demonstrated in QWs [12] and recently in microcavities [13] . This is a linear optical effect which does not involve any parametric oscillation.
Experimental details
Our sample is a Cd 0.40 Mg 0.60 Te microcavity of thickness λ, sandwiched between top (bottom) distributed Bragg reflectors (DBRs). These mirrors are made of 17.5 (23) pairs, of alternating λ/4 thick layers of Cd 0.40 Mg 0.60 Te/Cd 0.75 Mn 0.25 Te. Two pairs of 90Å thick CdTe quantum wells are placed at the antinodes of the cavity, leading to a Rabi splitting of ∼ 14 meV. The optical excitation was performed at the first minimum above the stop-band of the DBRs, ∼ 80 meV higher than the emission energy of the cavity-like polariton branch, to assure the same excitation conditions in all the experiments. A slight wedge of the cavity thickness allows the tuning of the cavity and the exciton into resonance by moving the excitation spot across the wafer [14] .
The experiments were performed in a variable temperature cold-finger cryostat. The samples were optically excited with light pulses from a Ti:sapphire mode-locked laser pumped by an Ar + -ion laser. The photoluminescence (PL), angle-resolved using a small pinhole which gives a resolution of 1
• , was detected at the lower polariton (LP) branch (1.61 eV at K = 0) and time-and spectrally--resolved PL was detected using a streak camera with an overall time resolution of ∼ 6 ps. For polarization-resolved measurements, a pair of λ/4 plates are included in the experiment: the excitation light is σ + -polarized and the PL emission is analyzed into its σ + -and σ − -polarized components. The experiments are performed at negative detunings with power densities below 50 W cm −2 , ensuring the persistence of the strong-coupling regime.
Results and discussion
Figure 1 depicts, on a semi-logarithmic scale, the time evolution of the emission at K = 0, exciting with σ + -polarized pulses and detecting the co-polarized emission (σ + ), for a detuning of δ = −13 meV, at different power densities ranging from 0.5 to 40 W cm −2 . The rise-time is practically independent of the excitation power in the range used in these experiments, although a closer look at the initial curvature of the time-traces reveals that this curvature changes from negative (low excitation) to positive (high excitation), as has been described previously [15] . A positive curvature indicates a relaxation mechanism that is based on an increasing rate, like final state stimulation [16] . The decay time decreases from ∼ 300 ps (at 0.5 W cm −2 ) to 150 ps (at 20 W cm −2 ) -solid lines are the corresponding fits -and at higher powers an additional initial much faster decay is found with a decay constant of ∼ 10 ps, while the slower decay remains constant at 150 ps within experimental error. Figure 2 shows, in a linear scale, the time-evolution of the photoluminescence, excited at the first minimum above the stop-band (1.686 eV) and detected at the lower polariton branch (1.61 eV), for an angle of detection of 9.4
• for the same detuning as in Fig. 1 . At this high pumping intensity, 40 W cm −2 , the PL intensity exhibits oscillations in both circular polarizations. Remarkably, these oscillations are in phase, so that they cannot be caused by any kind of beating between σ + and σ − -polarized polariton states. The intensities of σ + and σ − components of the PL signal are rather similar, indicating that spin-relaxation of polaritons was quite efficient and that their ±1 spin states are nearly equally populated. However, the population of these two "bright" states oscillates with a period of about 30 ps. These oscillations survive over 100 ps which exceeds by two orders of magnitude the radiative lifetime of exciton-polaritons in the photon-like part of their lower dispersion branch.
These oscillations closely recall the beats between bright-and dark-exciton states observed by Renucci et al. [13] . But in contrast with the Renucci experiment, no magnetic field was applied to the sample in our case. Also, the effect we have observed is strongly nonlinear: at low pumping intensities we do not observe any beats; they only appear at strong enough pumping.
These experimental facts lead us to conclude that in the nonlinear regime some new mixing mechanism appears that allows the dark states to be populated and leads to quantum beats between dark excitons and exciton-polaritons. This mechanism must conserve the spin and optical coherence in the system; otherwise quantum interference between different states would be impossible. We believe that this mechanism is exchange interaction between polaritons or dark excitons with opposite spins. Let us assume that a pair of polaritons with spins +1 (S = −1/2, J = 3/2) and −1 (S = 1/2, J = −3/2) exchange their electrons. The resulting states will have spins +2 (S = 1/2, J = 3/2) and −2 (S = −1/2, J = −3/2), respectively. Thus a pair of dark excitons appears. A new exchange of electrons converts it into a pair of bright polaritons again, etc. A hole exchange would yield the same result, but as it is much less probable [17] , we shall neglect it in the following discussion.
The energies of polaritons and dark excitons are split. It is clear that the process described here would be efficient only if the matrix element of polaritonpolariton (exciton-exciton) scattering, W , is comparable with this splitting. Following Tassone et al. [18] , we estimate W ∼ E B a 2 B /S, where E B is the exciton binding energy, a B is an exciton radius, S is the area of the system assumed to be given by the spot size of the incident laser, yielding W ≈ 10 µeV in our case. Our experiment was performed under nonresonant pumping. The exciton-like part of the lower-polariton branch is populated first. Then, the polaritons relax toward the bottleneck region of the dispersion, where they can dwell a few tens of picoseconds before proceeding towards the photon-like part of the dispersion from where they escape radiatively. The beats between bright and dark states above the bottleneck lead to oscillations of the bright polariton population at the bottleneck and, consequently, in all lower states. That is why we observe oscillations of the PL intensity having the same phase for its σ + and σ − components. To describe the dynamics of such a process we introduce the following interaction Hamiltonian:
A complete and detailed resolution of this problem can be found in Ref. [19] . Figure 3 shows the calculated time evolution of the photoluminescence in the weakand strong-pumping regimes. The strong-and weak-pumping regimes correspond to different concentrations of polaritons N 0 injected into the system at t = 0. We took N 0 = 25 × 10 3 for the strong pumping limit and N 0 = 5 × 10 3 for the weak pumping limit, respectively. One can see that in the first case pronounced oscillations of the occupation numbers of bright states, and, consequently, of the photoluminescence intensity, appear. The period of these oscillations is very close to the experimentally observed ∼ 30 ps. On the other hand, with weaker pumping, no oscillations appear and a monotonic decay of the photoluminescence intensity is obtained, which is governed by the processes of radiative decay and slow scattering of the polaritons towards the ground state. These features are in very good agreement with our experimental observations despite the simplicity of the model used.
In order to demonstrate the robustness of the coherent interaction leading to the quantum beats between dark excitons and exciton-polaritons, we present in Fig. 4 the temperature dependence of the PL time-traces for a detuning of -17 meV and an emission angle of 5
• in the nonlinear regime. Different traces, which have been displaced vertically for clarity, for temperatures ranging from 5 K to 100 K are plotted in a semi-logarithmic scale. The beats are clearly observed up to the highest temperature shown in the figure, indicating that the coherence is maintained in spite of the increased phonon population.
Conclusions
In summary, we have reported strong oscillations in the time-, polarizationand angle-resolved light emission of a CdTe microcavity when the system is optically driven into the nonlinear regime. The period of the oscillations amounts to 30 ps independently of the observation angle. We have also proposed a new mechanism of quantum oscillations in a semiconductor microcavity. The beats between exciton-polaritons and spin-forbidden ("dark") exciton states take place in a nonlinear regime due to polariton-polariton and exciton-exciton collisions. Remarkably, these collisions conserve the spin and coherence in the system that allows for observation of a kind of optical parametric oscillation, and survive at high temperatures.
